Minimizing cell damage throughout the cryopreservation process is critical to enhance the overall outcome. Osmotic shock sustained during the loading and unloading of cryoprotectants (CPAs) is a major source of cell damage during the cryopreservation process. We introduce a microfluidic approach to minimize osmotic shock to cells during cryopreservation. This approach allows us to control the loading and unloading of CPAs in microfluidic channels using diffusion and laminar flow. We provide a theoretical explanation of how the microfluidic approach minimizes osmotic shock in comparison to conventional cryopreservation protocols via cell membrane transport modeling. Finally, we show that biological experiments are consistent with the proposed mathematical model. The results indicate that our novel microfluidic-based approach improves post-thaw cell survivability by up to 25% on average over conventional cryopreservation protocols. The method developed in this study provides a platform to cryopreserve cells with higher viability, functionality, and minimal inter-technician variability. This method introduces microfluidic technologies to the field of biopreservation, opening the door to future advancements at the interface of these fields.
Introduction
Over the past decade, microfluidic systems have led to significant breakthroughs in a variety of biological applications such as point-of-care diagnostics, bioterrorism detection, and drug discovery through an interdisciplinary approach. [1] [2] [3] [4] [5] [6] [7] In particular, microfluidic technology represents a new tool to manipulate biological samples such as blood, living cells, DNA, proteins, and small molecules by exploiting the dynamic properties of microscale transport phenomena. [8] [9] [10] [11] [12] [13] [14] Microfluidic technologies can impact the field of biopreservation as well. 13, [15] [16] [17] [18] For instance, microfluidic channels have recently been used to isolate healthy sperm cells. 17 Also, innovative approaches were introduced to biopreserve oocytes in quartz capillary channels 18 and to eject cell-encapsulating cryoprotectant (CPA) droplets directly into liquid nitrogen for cryopreservation. 13 Several advances in biopreservation such as the use of electron microscopy grids, cryoloops, and nylon loops enable the cryopreservation of germ cells in particular at increasing heat transfer rates. 16, 19, 20 Around the world, trillions of cells are biopreserved each day for manifold applications in medicine and biology including the production of antibodies and proteins as well as the preservation of blood cells, germ cells, and tissues. 21, 22 In cryopreservation, cells or tissues are cooled down to subzero temperatures in an effort to discontinue biological activity. This is followed by the subsequent warming up to physiological temperatures. The cryopreservation process is likely to cause cell damage during typical biopreservation protocols by means of: (i) osmotic shock; (ii) dehydration; and (iii) extracellular or intracellular ice crystal formation. Among these challenges, osmotic shock is observed during two distinct phases: before freezing and after thawing. A cell that has been exposed to repeated osmotic shock is less likely to survive in the severe process of freezing and thawing. Here, we introduce a new microfluidic technique to improve the overall cryopreservation outcome by minimizing osmotic shock.
CPAs are loaded before freezing and unloaded after thawing to minimize damage due to extracellular or intracellular ice formation. In standard cryopreservation protocols, 15, 23, 24 cells undergo a series of harmful anisotonic conditions during the loading and unloading of CPAs. While this initial cell injury may not be severe enough to lead to apoptosis pathways or cell lysis, it may still have a negative influence on cell recovery and survival during the biopreservation process. 25 It is critical to understand the effect that osmotic shock has on the cell post-thaw viability during the loading and unloading of CPAs.
In the field of cryopreservation, most studies focus on ''chill injury'' caused by ice crystal formation in the intracellular and extracellular regions. Here, we develop a new approach to the sample preparation steps, which can impact the overall outcome of cryopreservation. During the loading and unloading steps, CPAs and water flow across the cell membrane depending on the CPA osmolarity imbalance between the intracellular and extracellular domains. This leads directly to osmotic shock. 26, 27 In the case of CPA loading process, in which CPA concentrations around cells increases suddenly, water is drawn out of cells and CPAs permeate into them. This impedes the normal transport mechanism of cell substrates and cofactors, which can induce metabolic shock. As for the CPA unloading phase, a sudden decrease in CPA concentrations in the extracellular region causes water to flow into cells and CPAs to flow out, which may result in swelling and initiate cell apoptosis or bursting as a result of mechanical trauma. 28 These transport phenomena related to the biophysical features of cells are critical to successful cryopreservation. Some studies on the CPA transport behavior using microfluidic channels have been reported in the literature.
29,30
For example, Fleming et al. extracted dimethyl sulfoxide (DMSO) from cells using diffusion phenomena in the microfluidic channel. 29 More comprehensive understanding of these transport phenomena across the cell membrane is needed in order to develop an optimized protocol. Also, the correlation between osmotic shock due to sudden mass transport and the cryopreservation outcome must be described.
In the current study, we introduce microfluidics to the field of biopreservation to actively control the CPA concentration during loading/unloading steps of biopreservation. To understand the relationship between osmotic shock and cell membrane transport quantitatively, we carried out numerical simulations at two different scales: one at microscale for cell membrane transport and the other at macroscale for microfluidic channels. This new approach minimizes osmotic shock during sample preparation and enhances post-thaw cell viability compared to the standard biopreservation methods employed by other biomedical laboratories.
Materials and methods

Fabrication of a microfluidic device
To fabricate the microfludic channel in poly(dimethylsiloxane) (PDMS, Dow-Corning), soft lithography was employed in this study. After applying an adhesion promoter (MicroPrime MS8011, Shin-Etsu), photoresist (SU-8 2000, MicroChem) was spin-coated on a Si wafer uniformly. Then, the wafer was soft-baked and a pattern for microfluidic channels was developed on the wafer by exposing it to ultraviolet light. Poly-(dimethylsiloxane) and curing agent (Dow Corning Sylgard 184 Silicone Elastomer Kit) were mixed at a ratio of 10 : 1 and poured over the wafer mold. After degassing, the PDMS was cured at 80 C in an oven for 2 hours. The cured PDMS was peeled off the replica mold and bonded to a micro-glass slide (Corning) by treating with oxygen plasma (Harrick Plasma). Plastic PE tubes were connected to the device and syringe pumps (World Precision Instruments) were utilized to inject CPAs and cell suspension into the microfluidic channel.
Cell preparation and cryopreservation
HepG2 (hepatocellular carcinoma human liver) cells were purchased from ATCC (Manassas) and cultured in DMEM supplemented with 10% FBS in a 5% CO 2 humidified incubator at 37
C. HepG2 cells were passaged at approximately 80% confluence 3-4 times. We carried out live/dead tests of cells three times to obtain the corresponding cell viabilities. First, after trypsinizing cells, initial cell viability was measured by incubating them with a live/dead dye kit (0.5 ml of calcein AM and 1.5 ml of ethidium homodimer-1, Molecular Probes) in 1 ml of PBS for 10 min. In parallel, cells are resuspended in PBS and the cell density was kept at 1 Â 10 6 cells ml
À1
. For preparation of CPAs, 10% trehalose dehydrate (v/v) and 4% BSA were dissolved in PBS and 1,2-propanediol was added to the CPA solution corresponding to its molarity. The cell solution was sterilized and put into a syringe, which was loaded to the syringe pump. Under microscope visualization, HepG2 cell suspension was injected into the microfluidic device. When cells were passed through the channel, the second live/dead test was performed. The remaining cells were placed in a cryotube and stored in a freezer (À80 C) for one day without using a special freezing container. The following day, the cells were thawed in a warm water bath (37 C) and flowed into the microfluidic channel to unload CPAs. The third live/dead test was conducted to characterize the post-thaw viability of the cells. Also, the culture of post-thaw cells was observed to proliferate for 7 days. To check the functionality of the HepG2 cells, the metabolic activity of the post-thaw cells was detected using a metabolic assay kit (Vybrant cell Metabolic Assay Kit, V-23110, Invitrogen).
Theory Microscale modeling of mass transport across cell membrane
A number of fundamental studies on the mass transport across cell membranes by diffusion have been carried out in the area of cellular biophysics in the past several decades. There are several models: a one-parameter model considering only solute permeabilities, a classic two-parameter model factoring in both water and solute permeabilities, and a three-parameter model, in which the interaction between solute and solvent is taken into account in terms of irreversible thermodynamics besides water and solute permeabilities. [31] [32] [33] The three-parameter model has been widely accepted as the one that most closely simulates mass transport through the cell membrane. Assuming a permeable CPA to diffuse into and out of cells, water channels (aquaporins) and low molecular weight CPA channels may interact through cotransportation. In the three-parameter model (Kedem-Katchalsky model), the water and solute transport across a membrane is mathematically coupled by using the reflection coefficient. Depending on the reflection coefficient, water and CPA are transported through a common channel. This mathematical modeling can provide insight into fluid fluxes, volume changes, and CPA molarity of cells due to osmotic pressure. In the current study, when cells are immersed in the CPAs, the evolution of the osmotic mass transport is analyzed. Firstly, the water flux across the cell membrane is expressed as follows:
In which L p is the membrane hydraulic conductivity, s s the membrane reflection coefficient of CPAs, R the universal gas constant, T the temperature, c the concentration of CPAs, A the cell surface area, E the cellular elastic modulus and V w the water volume of cells. In addition, the superscripts i and e mean the intracellular and extracellular regions, respectively. Secondly, the CPA transport is modeled by the following equations:
where u is the membrane permeability of CPAs and c up is the upstream concentration of CPAs according to the water flux direction. The 4th order Runge-Kutta method is implemented to calculate eqn (1)- (5) using C++ programming language. The parameters used in this study are listed in Table S1 in the ESI. †
Macroscale modeling of microfluidic flow
We designed and fabricated a microfluidic device with a three input channel, which has dimensions 100 mm high, 100 mm wide, and 1.5 m long. The microfluidic channel offers seamless change in the concentration of CPAs along the channel by means of diffusion of CPAs. Since the channel is very narrow and long, the numerical calculation for the channel requires significant computing power, such as a 64-bit operating system. In this study, we performed finite element simulation. The flow behavior in the microfluidic channel is modeled using the steady state Navier-Stokes equations as follows:
where r and h represent the fluid density and viscosity, which are assumed to be linear functions of CPA concentration (rule of mixture). In addition, u denotes the velocity vector and P is the fluid pressure. Mass transport for a single species was taken into account assuming that CPAs interact only with water molecules and physical properties count only on the CPA concentration. The transport phenomenon of CPAs is governed by the following convection and diffusion equation at steady state:
in which c is the concentration of CPAs and D indicates the diffusion coefficient of CPAs.
As a boundary condition, an average velocity was imposed at the inlet, which develops laminar flow in the microfluidic channel. At the outlet, the pressure was set to zero (atmospheric pressure). Also, no-slip condition (u ¼ 0) was applied to all other boundaries. For mass balance, the concentration boundary condition was given to the inlets. In addition, the convective flux condition was imposed at the outlet, which means that mass diffusion in the normal direction to the outlet surface is negligible.
Results and discussion
Biopreservation comprises three main phases: (i) CPA loading; (ii) freezing, frozen storage, and thawing; and (iii) CPA unloading. We introduced a microfluidic device (Fig. 1A) to aid cryopreservation (Fig. 1B) that provides for the first time the ability to increase and decrease CPA concentrations in a controlled, progressive manner. To achieve this, the microfluidic channel has two inputs: one for cells and another for CPAs. As can be seen in Fig. 1A , the cells are injected in the middle of the channel. CPAs are simultaneously flowed into the microfluidic channel from the two sides. As the cells move down along the channel, the CPAs diffuse toward the center because of the difference in the CPA concentration (diffusion length f ffiffiffiffiffi ffi Dt p ). As a result, cells that travel along the microfluidic channel experience changes in CPA concentrations progressively, thus minimizing osmotic shock. By regulating the flow rates of CPAs and cells suspended in PBS, we can actively control the concentration of CPAs. Since diffusion is not as fast as mass convection, long and narrow channel dimensions are required to achieve complete diffusion in the channel. The microfluidic approach can satisfy these requirements. After the freezing and thawing steps, we used the same microfluidic concept to unload CPAs from the thawed cells (Fig. 1C) . In this case, we introduced the PBS solution from the two side channels, and the thawed cells are again injected in the middle. The CPA concentration of the thawed cells is reduced gradually along the channel through diffusion, thus addressing osmotic shock during CPA unloading phase.
Characterization of osmotic shock at microscale
Cell membranes have various transport pathways for substrates, fluids, ions, and gases relying on different physicochemical or biological mechanisms to help control the osmotic balance of animal cells. 36, 37 Cell transport machinery associated with cryopreservation involves water and permeable solutes. 38, 39 In cryobiology, transport channel behavior is determined by CPA concentration and the rate of change during CPA loading/ unloading. In particular, it is important to understand how the rate of CPA addition and removal affects osmotic shock to cells and resulting cell viability. Generally, one-step loading/unloading is employed in most conventional cryopreservation protocols whereas stepwise loading/unloading is used for germ cells. Fig. 2A schematically represents three different loading/ unloading profiles used in this study. While these three profiles have different rates of increasing or decreasing CPA concentrations, the final concentrations are the same (Fig. 2A) . Our microfluidic approach using diffusion phenomena yields concave and convex CPA concentration profiles along the channel during loading and unloading steps, respectively. To examine the effect of the different profiles on water and CPA transport, and to develop a better microfluidic approach with minimal osmotic shock, we used the three-parameter model proposed by Kedem and Katchalsky (KK model). 40 The KK model was derived based on irreversible thermodynamics and consists of three parameters: hydraulic conductivity, reflection coefficient, and solute permeability. To eliminate the influence of the model parameters (Table S1 †), we defined characteristic parameters through dimensional analysis to non-dimensionalize the model system. It is known that water flux controlling cellular volume is dependent on the presence of water channels (aquaporins) on cell membranes and that it plays a key role in determining the severity of osmotic shock. 34, 35 We also confirmed this in our simulation results (Figs. 2B-E) . In these plots, the maximum and minimum values play an important role, since they dictate the level of osmotic shock to the cell. We will first describe the loading steps (Figs. 2B and 2C ) and then the unloading steps (Figs. 2D and 2E ).
In Fig. 2B , water flux through the cell membrane is modeled for the three loading protocols: one-step, stepwise, and microfluidic. The microfluidic approach starts with low absolute water flux that increases over time and finally reaches zero with osmotic balance. Please note that osmotic shock is determined by water flux, but not CPA flux, because the rate of water flux is much higher than that of the CPA. 41 The standard one-step loading procedure causes the cell to experience high absolute flux immediately. Then, this flux decreases over time until it reaches a balance. The stepwise loading process lies in between the microfluidic and one-step approaches. Thus, we observe a secondary sharp absolute increase in flux due to the secondary loading step. These sharp increases in flux and peak values attained during CPA loading determine the impact of osmotic shock on the cells. The volume of water transported away from the cell is shown with the smaller diagram of Fig. 2B . Rapid water escape is observed for the one-step loading protocol, indicating the high levels of osmotic shock with this protocol. In addition to water flux, we investigated CPA flux through cell membranes as depicted in Fig. 2C . Similar to the case of water flux, the one-step protocol causes immediate high absolute CPA flux and then converges to a balance. This flux has a complex shape due to the co-transport phenomenon with water. CPA concentration in the cell is shown with the smaller diagram of Fig. 2C . The rapid CPA increase in the cell during the one-step approach is indicative of major osmotic shock. As seen from the same figure, this impact is decreased significantly by the microfluidic approach.
Microfluidic CPA unloading has the smallest dimensionless water flux, which implies a minimum osmotic shock (Fig. 2D) . The CPA unloading stage takes more time than the CPA loading stage because of the decreased cell surface area and also has different profiles from the CPA loading stage (Figs. 2D and 2E ). In the CPA unloading step, water flows into cells and CPAs move out of cells. The microfluidic loading case has the lowest water flux and CPA flux (Figs. 2D and 2E ). On the other hand, the cotransport of water and CPA through a common channel results in a positive flux during stepwise and progressive loading/ unloading cases unlike the one-step loading/unloading based on the three-parameter model. Overall, the quantitative model indicates that the microfluidic aproach to control CPA loading/ unloading minimizes the osmotic shock to cells.
Characterization of microfluidic channel at macroscale
Based on modeling of mass transport through a cell membrane, we calculated appropriate microfluidic channel dimensions (100 mm Â 100 mm Â 1.5 m) as shown in Fig. 3A . To experimentally control diffusion in our fabricated device, we injected different colored liquids into the microfluidic channels and observed their behavior. Fig. 3B presents the channel inlets, through which yellow and green colored liquids were infused. To visualize and quantify the diffusion of CPAs in the channel, CPAs were dyed with a green fluorescent stain (Figs. 3C-H) . Fluorescent images were taken along the channel (Figs. 3F-H) . Laminar flow in the channel and CPA diffusion towards the center were verified and compared to the theoretical model. By changing injection flow rates at the inlets, we can control the diffusion pattern along the microfluidic channels. Fluorescence intensity was measured along the channel and analyzed based on the Lambert-Beer law. 42 The fluorescent intensity was non-dimensionalized using the maximum intensity. The experimental results were in good agreement with the predicted computational results (Figs. 3I Fig. 1 Schematic depiction of cell cryopreservation as introduced in this study. The microfluidic approach consists of three steps: (A) CPA loading; (B) freezing and thawing; and (C) CPA unloading. The microfluidic device was employed in an effort to progressively change the concentration of cyroprotectants prior to freezing and following thawing. In the CPA loading step (A), cells travel along the microfluidic channel, thereby experiencing a gradual change in CPA concentration. This can minimize osmotic shock to the cell. In the cell freezing and thawing steps (B), we followed a standard cryopreservation protocol. To unload the CPA from cells after thawing, they were infused into the microfluidic channel with a PBS buffer injecting through the two side channels at the same time (C). Fig. 2 Effect of different CPA loading/unloading profiles on mass transport across cell membranes. (A) Schematic diagram of three different profiles considered in this study: one-step, stepwise, and microfluidic CPA loading/unloading. These different CPA loading/unloading scenarios lead to distinct mass transport profiles across cell membranes ((B)-(E)), which consequently results in different cell viabilities during cryopreservation. To understand the mass transport more comprehensively, we defined characteristic parameters and then non-dimensionalized physical quantities obtained through numerical modeling: initial water volume in the cell, V 0 , final CPA concentration, C 0 , characteristic time,
, and initial water flux, and J), indicating that we can predict and control the CPA loading/unloading profiles through the microfluidic approach.
Microfluidic cryopreservation: Viability and functionality
To investigate the enhancement achieved by the microfluidic approach, we prepared two sample groups. The first sample group encompasses samples prepared using the standard onestep or stepwise (1.5 M to 3 M) loading/unloading protocols illustrated in Fig. 2A . This acts as the control group (M indicates the molarity of 1,2-propanediol used in this study). For the second sample group, we progressively controlled the CPA concentration via the proposed microfluidic approach. Both sample groups go through the exact same freezing/thawing process, but different CPA loading/unloading steps. We followed a standard cryopreservation protocol, 43, 44 except for the fact that we did not employ a special freezing container that can offer more than 80% viability after thawing. This allows us to more clearly observe the osmotic shock effect. 45, 46 The special container would likely have increased the viability of the HepG2 Fig. 3 (A) Photograph of the microfluidic device created in this study. The device possesses a long microfluidic channel with three inputs and one outlet, which offers a long distance to develop a complete diffusion along the channel. The yellow and green colored fluids were infused into the microfluidic channel to show the inlet. (B) Magnified image around the outlet of the channel is shown. To observe the CPA diffusion behavior experimentally, a fluorescent stain (FITC) was injected along with CPAs ((C)-(E)). Using the fluorescent intensity, the normalized 3D intensity images were prepared ((F)-(H)). As the CPAs flow along the channel, it was identified that the CPAs diffuse into the center of the channel until concentration equilibrium ((F)-(H)). The intensity was measured on an area of 100 mm Â 100 mm and the intensity was normalized by using the maximum intensity. (I) Normalized CPA concentration variation along the microfluidic channel in the CPA loading step is shown. The flow rates of the CPA and cell suspension were kept at 20 ml/min each. Three independent experiments were conducted. The experimental and numerical results were in agreement. The concentration increased progressively through diffusion as we expected. (J) Normalized CPA concentration during unloading step is shown. The applied flow rates for the PBS and cell suspension were 20 ml/min and 2 ml/min, respectively. The concentration obtained experimentally as well as numerically decreased gradually. cells used in this study. However, osmotic shock still affects the cell regardless of which freezing container is used. In particular, the osmotic effect can lead to more adverse influence in the case of sensitive cells such as oocytes and embryonic stem cells, which are the cell types that this protocol has been designed to work with. Fig. 4A shows viability studies at 2M CPA concentration. We observe that the microfluidic approach results in higher viability outcomes than the one-step protocol. The initial flask and pre-freeze viabilities are similar for both cases. However, the effect of osmotic shock is more pronounced for the one-step protocol, where the final viability outcome decreases by $15% (see Table S2 ). Fig. 4B demonstrates even more striking results at 3M, where we expect the effect to be more pronounced due to larger osmotic shock level. The one-step loading procedure gives lower viability percentages both pre-freezing and post-thawing when compared to the stepwise and microfluidic approaches (Fig. 4B) . These viability results agree with the osmotic shock modeling results, where the highest osmotic shock is observed for the one-step case and the lowest osmotic shock is observed in the microfluidic approach. These results indicate that the reduction of osmotic shock to cells through the microfluidic approach can enhance the cell viability. The microfluidic approach results in $25% higher viability than the one-step approach, and $10% higher viability than the stepwise approach. To investigate the functionality of the cells after the thawing phase, we performed long-term culture of these cells for 7 days (Fig. 4C) . Further, we performed a resazurin metabolic assay to determine functionality (Fig. 4D) . Since healthy cells reduce non-fluorescent resazurin into red-fluorescent resorufin, the metabolic activity of the postthaw cells can be observed.
Conclusions
Minimizing cell damage throughout the cryopreservation process can enhance overall outcomes. Osmotic shock impacts the cryopreservation of cells during the loading and unloading of CPAs. We propose a microfluidic approach to minimize the osmotic shock during the CPA loading phase before freezing and the CPA unloading phase after thawing. Also, we provide a theoretical explanation of how the microfluidic approach achieves this goal in comparison to conventional cryopreservation protocols using cell transport modeling. Finally, we show that biological experiments support the expected model and microfluidics improves the overall cryopreservation outcome over the standard protocols. This proposed method introduces microfluidic technologies to the field of cell biopreservation, opening up a new path for future advancements.
